The phase-matched harmonic radiation down to the water window region (~ 4.4 nm) is obtained and exhibits a good beam profile and high spatial coherence using a 1 kHz infrared pulses at 1400 nm.
Introduction
The Femtosecond laser-driven high-harmonic generation (HHG) has become an increasingly important source for the supply of coherent extreme-ultraviolet radiation and soft x-rays. Compared to synchrotrons and x-ray free electron lasers, these sources are small-scale and highly versatile, and their resulting unique characteristic output can be tailored according to the experimental requirements for applications in time-resolved studies of ultrafast dynamics in atomic, molecular systems and in coherent diffractive imaging [1] [2] [3] [4] .
For biological applications the generation of radiation in the "water window" region (4.4-2.3 nm, or 285-540 eV) is an attractive feature because in this wavelength range the radiation is not absorbed by water and nitrogen while absorption due to carbon is strong. Intense ultrashort pulses in the water-window wavelength regime would allow the capture of images of live cells in real environment, preserving structural information that is lost in the sample's preparation process. This soft X-ray radiation can be used to perform various experiments with high spatial and temporal resolution. Thus, light sources in this wavelength region have been targeted by many researchers including life scientists and physicists [5] .
The cut-off rule of generated photon energy is h max =I p + 3.2U p , where I p is the ionization potential of the gas and U p is the ponderomotive energy which is given by U p = I L L 2 , and I L and L 2 are the intensity and wavelength of the driving laser. Gases with high ionization energy such as helium (He) have been used to obtain high photon energy radiation. The L 2 scaling of the cut-off has the advantage of the generation of higher harmonic orders with long wavelength driving pulses. The development of a high energy, near-infrared laser system based on optical parametric amplification (OPA) and/or optical parametric chirped pulse amplification [6] has attracted considerable attention to obtain high power IR pulses.
In this paper we report the use of a bismuth triborate, BiB3O6 (BIBO), nonlinear crystal in the construction of a high power optical parameter amplifier pumped by 8 mJ pulses from a multi pass Ti:sapphire amplifier at 1 kHz repetition rate. The high intensity IR pulses > 2 mJ at 1400 nm and short duration (< 40 fs) are used for phasematched generation of radiation of high spatial coherence around the water window region in a semi infinitive He gas cell.
Experiments and Results
The output of a 1 kHz multi-stage, multi-pass, chirped-pulse amplifier system that produces 8 mJ pulses of 30 fs duration and centred at 810 nm are used for pumping the OPA system. A collinear OPA scheme has been used in our high-energy IR laser system in order to efficiently amplify OPA signals. One third of this output (2.5 mJ) pumps a commercial OPA, which is designed with a two-stage configuration seeded by a white light continuum (Quantronix, Palitra). The remaining 5.5 mJ is used to pump the power amplifier stage. Type II crystals, cut at θ = 42° in the x-z principal plane ( = 0) for o → eo interaction, have been used in all subsequent stages. In the power amplifier stage we employed a 2-mm thick BIBO crystal with an aperture of 15x15 mm 2 , which was placed about 50 cm away from the commercial OPA. The power amplifier OPA stage is seeded by the amplified signal in the commercial OPA whose output is carefully adjusted for collimated signal beam. The maximum total conversion efficiency for this stage was about 60 %, producing a total (signal and idler) output of ~ 4 mJ.
The OPA output pulses at 1400 nm are focused by a 300-mm focal length lens into a 250-mm-long gas cell with a glass window at the entrance and a 200 µm pinhole at the exit. The small exit pinhole is used to isolate the vacuum chamber from the gas-filled cell. A similar experimental setup for an 800 nm driving pulse was published elsewhere [8] . In the water window region, it is an advantage to use He or Neon (Ne) rather than Ar for efficient HHG because the absorption of He and Ne is lower. We use He gas for HHG in the water window region because of its high ionization energy and it has been shown in theoretical calculations [7] that it is possible to obtain true phase matching for the generation of radiation in the water window region in He gas using 1400 nm radiation. A very high gas pressure (up to 5 atm) is used for generation of radiation around 4.3 nm. A 300 nm-thick aluminum (Al) filter with high transmission in the wavelength range < 5 nm. The high harmonic beam passes through a 0.5 mm wide, 20 mm-high entrance slit of the spectrometer before being dispersed by a 1200 lines/mm diffraction grating at grazing incidence and detected by a XUV CCD camera. The far-field profile of the harmonic beam is detected directly by the CCD. Figure 1 shows the XUV spectrum emitted from helium at a pressure of 5 atm. The harmonic spectrum spans from ~8 nm to 4 nm and the absorption edges of the C and Al filters confirm the calibration of our spectrometer. HHG radiation above the carbon K-edge (4.4 nm) is obtained for a gas pressure > 4.5 atm. For effective generation of radiation with an IR source it is necessary to increase the distance over which the harmonics interact constructively. Gas-filled hollow fibres have been used for enhancement of the interaction length [6] . In such a configuration, the pump laser can be guided to ensure a constant intensity over the length of the interaction but the coupling of the strong field in the fibre will be limited. When a long focal length lens is used self-guiding of the femtosecond pulses occurs as a result of beam convergence due to self-focussing and beam divergence due to multiple photo-ionization. This provides a relatively long interaction length with almost constant intensity of the driving field around the focus.
Variation of the aperture on the input beam can be used to alter the spatial quality of the laser beam, the peak intensity in the focus area and the ionization rate. This leads to a balance between the linear and non-linear atom dispersion and the plasma dispersion. The variation of the size of the laser beam also introduces phase variation in the laser wave-front. This is why the size of the aperture plays a very important role in the minimization of the phase mismatch. If the generation of high order harmonics is phase-matched the intensity of the harmonics scales as N at 2 or P 2 , where P is the gas pressure. The inset in Fig. 1 shows the total photon number in the generated spectral range for different gas pressures. In this case the HHG signal is optimal for high flux and best beam profile at a gas pressure of 5 atm. The points show the experimental data and the line shows a fit based on P 2 . At low pressure (P < 4 atm), the HHG signal increases quadratically with pressure as is expected for phase-matched HHG emission. At high pressure (> 4 atm) the phase mismatch is large.
The Fig. 2 shows the spatial profile of the HH beam at a distance of 1800 mm from the source. The beam divergence was measured to be 0.4 mrad (FWHM). As shown in this picture, the almost perfect Gaussian profile of the HH beam suggests that there is no density disturbance due to ionization in the interaction region. The observation of the dependence of the HHG output on pressure and spatial profile indicates that macroscopic phase matching is satisfied along the propagation axis in our geometrical configuration.
To study the spatial coherence of the source in more detail, Young's double slit (YDS) measurements were performed. The inset in Fig. 2 shows a clear interference pattern resulting from the YDS. The contrast is nearly independent on the gas pressure. It is worth noting that the YDS was illuminated from a broad wavelength beam (Al foil is used for termination of the fundamental beam) therefore the contrast of the fringes is not very high. The interference pattern is dependent on gas pressure indicating the variation of the harmonics spectrum with pressure. The observation of high order of interference fringes and very high level of signal to noise indicate the high photon fluxes of our source. The Gaussian beam profile and high contrast of the YDS interference fringe confirm that the HHG radiation is highly coherent.
Coherent diffractive imaging of a test 2D pinhole sample shows that the source can be used to obtain a spatial resolution down to hundreds of nanometers.
Conclusion
A BIBO nonlinear crystal has been used for a high power optical parameter amplifier. Using femtosecond IR driving laser wavelengths and a semi infinitive gas cell configuration we demonstrate the phase-matched generation of coherent, soft x-ray high harmonic emission around the water window region. The beam profile and beam divergence show excellent characteristics. This source will enable high-resolution tabletop microscopy studies of a range of, nano-and biological materials samples.
